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The electronic structure and related magnetic properties of Fe-doped ZnO system is analyzed in presence of both O- and Zn-vacancy in the
framework of TB-LMTO-ASAmethod within LSDA. Although for the Fe-doped ZnO system, the ground state is antiferromagnetic, in presence
of O-and Zn-vacancy the magnetic mechanism is drastically altered. Utilizing the two-centered tight binding model of Anderson and Hasegawa,
we have investigated the nature of the two competing interactions : antiferromagnetic super-exchange versus ferromagnetic double-exchange
interactions, as a function of the Fe-Fe separation by supercell calculations. The results reveal that for obtaining long-range half-metallic
ferromagnetism, Zn-vacancy is more crucial than O-vacancy. [doi:10.2320/matertrans.N-MRA2007867]
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1. Introduction
The goal of designing a suitable spintronic material having
simultaneously the properties of room temperature ferro-
magnetism and 100% spin polarization or half-metalicity has
brightened after the advent of transition metal doped semi-
conducting oxides like ZnO,1) SnO2, TiO2 etc. Among all
these systems, ZnO based systems are most suitable
candidates for spintronics materials application, due to its
abundance and environment friendly nature and also due to
its wide band gap (3:3 eV) and high exciton binding energy
(60meV). There have been series of experimental studies
on transition metal (TM) doped ZnO system, and the general
consensus is that the presence of long range ferromagnetic
order, especially the magnetic moment per cation and the
Curie temperature Tc depends largely on the critical details of
sample preparation. In spite of the wide variety of exper-
imental reports, some systematics have started emerging
regarding the issues as to (a) whether the ferromagnetism is
intrinsic or arises due to some impurity phases or minute TM
magnetic clusters, (b) whether there is any relationship
between the microstructure of the host and valence state of
the dopant with the observed magnetic properties and (c)
whether the presence of defects or vacancies play any role in
the observed magnetic coupling etc.
On the other hand, the existing theoretical explanation
towards the nature and origin of ferromagnetic ordering in
dilute magnetic oxide systems can be broadly categorized
into the following schools of thought, viz.
(a) The proposed spin-split donor impurity band model,2,3)
where the long range ferromagnetic exchange can be
mediated by polaronic percolation of bound magnetic polar-
ons formed by the point defects like oxygen vacancies. The
defect induced shallow donor levels gets hybridized with the
TM d-band and thus stabilizes ferromagnetic ground state for
such materials.2,3) This model can explain the giant magnetic
moment observed for thin ﬁlms and also the ferromagnetism
observed for extremely diluted samples, where there is no
possibility of nearest neighbour interaction and the ferro-
magnetic interaction must be mediated by some other agents.
(b) On the other hand, a recent ﬁrst principle based study4)
suggests that long-range ferromagnetic coupling can be
obtained even in the absence of defects. In this study, the
explanation towards the observed ferromagnetism is given by
the hybridization picture of super- and double-exchange,
where the interaction is mediated by the delocalized Zn-s
states. It was shown that the long range ferromagnetic
ordering in Co-doped ZnO system could be enhanced by co-
doping it with Li, which induces a non-spin polarized s-like
state. Li co-doping improves the ferromagnetic ordering by
bringing the d-band of TM atom to the optimal position to
initiate double exchange. So, according to this study, spin
split defect bands are not essential for ferromagnetism.
(c) There is also a third school of people who argue that due
to the short range of the exchange interactions in these
systems, polaronic percolation is diﬃcult to achieve and they
advocate the presence of spinodal decomposed phase in
diluted magnetic semiconductor or oxide systems.5) This
phase decomposition apparently supports magnetic network
over the dimension of the crystal resulting in a high-Tc phase,
which mean-ﬁeld approximation cannot predict but Monte-
Carlo simulation can.
With all these previous studies in the background, we took
up a systematic ﬁrst-principles investigation of Fe-doped
ZnO system. Very recently we have extensively studied 10%
Fe doped ZnO nanocrystals using variety of experimental
probes, which includes magnetization measurement using
SQUID, supplemented with EPR and Mossbauer studies6)
and the system seems to exhibit intrinsic ferromagnetism at
room temperature. Moreover, some recent studies suggest
that,7) the magnetic anisotropy of the dopant cation to be a
signature of intrinsic ferromagnetism in dilute magnetic
oxide materials. From the studies of Venkatesan et al.,8) it is
evident that Fe2þ doped in ZnO is highly anisotropic in
nature, just like Co2þ doped ZnO. Hence, magnetism in Fe-
doped ZnO seems to be both promising and interesting
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system to investigate. In this paper we have studied in some
details the magnetic properties of bulk Fe doped ZnO system.
The eﬀects of point defects, such as O- or Zn- vacancies, on
the magnetic properties of such systems are also investigated.
Our calculations suggest that hole doping mediated by Zn
vacancy is crucial to stabilize ferromagnetism in this system.
In the following sections we shall present and discuss our
results.
2. Structure and Computational Details
Pure ZnO crystallizes in the Wurtzite structure, a hex-
agonal analog of zincblende lattice, with a space group P63
mc (No. 186) with two formula unit per unit cell, where each
Zn-atom is tetrahedrally co-ordinated with four other O-
atom. The lattice constants6) are a ¼ b ¼ 3:2495 A˚ and c ¼
5:2069 A˚ and the atomic positions for Zn are ð0; 0; 0Þ and
ð1=3; 2=3; 0:5Þ and for O are ð0; 0; 0:3408Þ and ð1=3; 2=3;
0:8408Þ. The analysis of electronic structure and magnetic
properties are carried out in the framework of the tight-
binding linear Muﬃn-tin orbital method (TB-LMTO) in the
atomic sphere approximation (ASA) within LSDA. In the
present case, we have performed a ð2 2 2Þ supercell
calculation with 64 atoms (including empty spheres) and
sixteen formula units of ZnO. To simulate a TM doped
system, we have replaced the appropriate number of Zn
atoms with TM atom, resulting the required percentage of
doping in the material. On the other hand, to simulate a O- or
Zn- vacancy, the respective atoms in the supercell are
replaced by empty spheres having radii equal to the
corresponding atomic radii.
3. Fe-doped ZnO: Paramagnetic Calculation
For the non-spin polarized calculations we have replaced
one Zn-atom in the ð2 2 2Þ supercell (16 formula unit of
ZnO) with a Fe-atom and hence creating a situation where
6.25% Fe is doped within the ZnO matrix. The resulting DOS
is displayed in Fig. 1(a). The non-spin polarized calculation
(see Fig. 1) reveals deep Fe-d derived states in the semi-
conducting gap of ZnO, which are broadened due to
hybridization with O p-states. The resulting high density of
states (12.84 states / eV / Fe) at the Fermi-level implies that
with Fe-doping the paramagnetic ground state may no longer
be stable. The stability can be achieved by incorporating
magnetic order into the system via spin polarization. In the
process of spin polarization, the electrons arrange themselves
so that the spontaneous magnetization makes occupancy of
the spin-up and spin-down electrons diﬀerent thereby low-
ering the overall bonding energy and making the system
stable. In this process of rearrangement there is a possibility
that the occupancy (depletion) of the majority (minority) spin
states may happen in such a way that, the system behaves as a
conductor in one spin channel and an insulator in other spin
channel leading to 100% spin-polarization (half-metallicity),
a crucial requirement for spintronics application.
4. Spin-Polarized Calculation
We shall now discuss our spin polarized calculations. If the
doped Fe-atom goes into substitutional site, the valence state
will be 2+ and hence the spin-only moment per Fe2þ in d6
state is 4B. The spin-polarized DOS with a single Fe-
doping per supercell (with an eﬀective concentration 6.25%)
is depicted in Fig. 1(b). The Fe-d level for a Fe atom having
tetrahedral co-ordination is split by the crystal ﬁeld in two-
fold degenerate e and three-fold degenerate t2 levels. Also, in
the spin- polarized situation, the system favors a high spin
conﬁguration with the various levels serially ﬁlled up as
e#(2), t2#(3), e"(1), t2"(0). For a single Fe-impurity, all the
majority Fe-d spin states (spin–down) are ﬁlled up, whereas
the minority spin channel (spin-up) is partially ﬁlled leading
to 100% spin polarization, as seen in Fig. 1(b). However,
such a situation cannot stabilize ferromagnetism in the
presence of coulomb correlations. If the Coulomb correla-
tions are included, as in the LSDA+U method, the half-ﬁlled
e" band will be split resulting in an anti-ferromagnetic
insulating ground state.9) Hence, for Fe-doped ZnO system,
the ground state will be anti-ferromagnetic. From various
experimental evidences, it is accepted that intrinsic defects,
such as oxygen / Zn vacancy, play crucial role in stabilizing
long-range ferromagnetic order in these systems. In the
following section, we have analysed the electronic structure
of Fe-doped ZnO system in the presence of defects, viz. (i) O-
vacancy, (ii) Zn vacancy.
5. Fe-doped ZnO with Defects
In order to understand the origin of magnetism as well as to
explore the possibility of ferromagnetic or antiferromagnetic
ordering in Fe doped ZnO in the presence of defects, we have
replaced two Zn atoms in the supercell with two Fe atoms
having parallel (ferromagnetic) or antiparallel (antiferromag-
netic) spin conﬁguration and calculated self consistently the
ground state energies as a function of the distance between
these two Fe-atoms for three cases: (i) Fe-doped ZnO system
with two Fe-atoms per supercell with an eﬀective concen-
tration of 12.5%, (ii) with two Fe-atoms and two O-vacancies
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Fig. 1 The (a) non-spin polarized and (b) spin-polarized DOS’s are plotted
for Fe doped ZnO system. Within the framework of LSDA, the
ferromagnetic calculation results into 100% spin polarization and partially
ﬁlled majority spin levels.
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per supercell, the eﬀective concentration being 12.5% for Fe
and 12.5% for O vacancies, and (iii) with 12.5% Fe and
12.5% Zn vacancies. The corresponding ﬁgures for total DOS
and site projected DOS in the ferromagnetic conﬁguration are
plotted in Fig. 2(a)–(c). The ferromagnetic (FM) DOS with
double impurity are plotted in Fig. 2(a), which, in the
framework of LSDA reveals close to 100% spin-polarization.
For case (ii) and (iii), the total DOS and projected DOS are
plotted in Fig. 2(b) and Fig. 2(c). An oxygen vacancy adds
electrons to the system and thereby eﬀectively dopes n-type
carrier to the system. These additional vacancy electrons are
essentially captured by the minority Fe-d states. The minority
d-states are now more populated as can be seen in Fig. 2(b),
leading to reduced magnetic moment (Table 1). Fig 2(c)
depicts the total and site projected DOS for case (iii). The Zn-
vacancy induced acceptor states, which eﬀectively dope
holes into the system, hybridize with the Fe-d states and
thereby results in a partially- ﬁlled majority level and 100%
spin polarization.
In Fig. 3, we have plotted the energy diﬀerence between
the AFM and FM ground states, which gives a measure of the
exchange parameter J of the interaction between two Fe-
spins. The exchange integral is plotted as a function of Fe-Fe
distance for Fe doped Zn oxide with (a) O vacancy and (b) Zn
vacancy.
As can be seen from the ﬁgure, ﬁrst nearest neighbour is
ferromagnetic for both with O and Zn-vacancies, the strength
being more for the Zn vacancy. However, the presence of Zn-
vacancy helps to stabilize a long-range ferromagnetic order
in the system, whereas for O-vacancy AFM long-range order
is stabilized. Hence, for Fe-doped ZnO system, hole doping is
more eﬀective in stabilizing ferromagnetism. Hence, unlike
the spin-split donor impurity band model, our calculation
agrees with the situation where there is a competition
between the FM double exchange and with AFM super-
exchange which are determined by local atomic arrange-
ments and local orbital ordering, which control the magni-
tude of the two competing interactions.
The gross feature of the electronic structure and magnet-
ism in TM-doped ZnO system can thus be understood in
terms of a simple model,10) where the nearest neighbour
interaction between two TM atoms are considered both with
O and Zn vacancy. A schematic representation is given in
Fig. 4(a) and (b). For the system with O vacancy the t2# is
completely full while t2" is partially occupied and the
magnetism is determined by the competition between the
superexchange interaction between the ﬁlled t2# and partially
ﬁlled t2", which is antiferromagnetic and the double
exchange interaction between partially ﬁlled t2" electrons
which is ferromagnetic. The latter depends upon the electron
hopping between the neighboring Fe atoms and therefore
depends on the orbital orientation and the distance of the
neighboring Fe atoms. So when two Fe atoms are at nearest
neighbor position hopping is large and ferromagnetism
mediated by double exchange wins. However, as the distance
between the neighboring Fe atom increases, the super
exchange overwhelms leading to antiferromagnetic interac-
tion between Fe atoms as can be seen in Fig. 3. On the other
hand, for the system with Zn vacancy t2" are completely
empty while t2# states are only partially occupied paving the
way only for the double exchange to dominate, leading to
stable ferromagnetism as shown in Fig. 3.
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Fig. 2 Figures depict a comparison of the total DOS and site projected
DOS for (a) case-(i), (b) case-(ii), (c) case-(iii). (see text).
Table 1 Magnetic moments (in B) of the Fe:ZnO supercells without and
with O-vacancy / Zn-vacancy, for Fe-Fe distance ’6 a.u.
Magnetic
Moment
Without
vacancy
With O-
vacancy
With Zn-
vacancy
Total 4.26 4.11 4.59
Local 4.00 3.9 4.0
Induced — 0.12 0.49
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Fig. 3 The energy diﬀerence between the AFM and FM ground states,
which gives a measure for the exchange parameter J of the interaction
between two Fe spins, is plotted as a function of the nearest neighbour
distance between the two Fe-spins in presence of O-vacancy and Zn-
vacancy.
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We therefore conclude that although for Fe-doped ZnO
system, the magnetic ground state is anti-ferromagnetic, long
range ferromagnetic order can be stabilized in the presence of
cation (Zn) vacancy. Hence defects plays a crucial role to
stabilize ferromagnetism in Fe doped ZnO system.
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Fig. 4 Model proposed according to the two-centre tight-binding model of
Andersen and Hasegawa.9) (a) with O-vacancy (b) with Zn-vacancy.
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